INTRODUCTION
Modern electroanalytical techniques for the identification and determination of trace concentrations of organic molecules in matrices of environmental significance can be divided into three classifications of technique (a) pulse polarography, (b) stripping voltammetry and (c) on-line electrochemical detection generally following high performance liquid chromatography.
(a) Pulse polarography Pulse polarography is that variant of the classical polarographic technique invented by Heyrovsky (refs. 1, 2) that has found most routine acceptance in modern laboratories and seeks to improve sensitivity by minimising the contribution from the capacitive current due to the double layer charging of the indicator electrode i.e. the dropping mercury electrode. Pulse polarography was invented by Barker and co-workers at Harwell in the late 1950's (ref. 3) and utilises the differing time dependences of faradic and charging currents. The pulse method imposes a series of pulses of increasing amplitude to successive mercury drops at a preselected time near the end of each drop lifetime. The initially high charging current decays away very rapidly and the residual faradic current is sampled during the final part of the 50-60 ms time pulse. While pulse polarography gives a marked improvement in sensitivity of approximately two orders of magnitude over the classical technique, it still gives a similar sigmoidal current-voltage response. A more useful variant for trace analytical purposes is differential pulse polarography. In this mode, small amplitude (10-100 my) pulses of approximately 60 ms duration, superimposed on a conventional linear ramp voltage, are applied to the dropping mercury indicator electrode near to the end of the drop's lifetime. The current output is sampled at two time intervals; immediately on the ramp prior to the imposition of the pulse and then again at the end of the pulse when the capacitive current has decayed. It is the difference in these two currents that is displayed on the resulting current-voltage response. As the greatest increase in current for a given voltage increment will occur at the half-wave potential of the electroactive molecule then the current-voltage response in differential pulse polarography will have a peak shape. Because of the favourable signal-to-noise ratio of this polarographic technique, it is slightly more sensitive than pulse polarography and can determine electroactive molecules down to concentrations of ca l0 mol 11. The theory of classical and modern polarographic techniques is adequately dealt with by Bond (ref. 4) and those functional groups in relevant organic molecules that are electroactive through principally reduction processes at the dropping mercury electrode are listed in Table I .
(b) Stripping voltammetry
Stripping voltammetry is inherently one of the most sensitive electroanalytical techniques and has received a great deal of attention in recent years, primarily for environmental monitoring of very low concentrations (<l0 mol 11) of heavy metal ions such as Pb(II), Cd(II), Cu(II), Zn(II) etc. It is extremely simple in concept, the method consisting of a two-stage process. The first is a preconcentration step of controlled electrolytic deposition of the species of interest onto a stationary indicator electrode, usually in a stirred solution for a time period of several minutes. Mathematical treatment has shown that the mercury film electrode is capable of more sensitive measurements than the hanging mercury drop electrode, particularly at concentrations of less than l0 mol l1. This preconcentration step is followed by the measurement step which consists of electrolytically stripping the deposited species back into solution using either a linear or differential pulse voltage sweep. The latter technique offers a more effective discrimination against the background charging current and hence offers an increased sensitivity (ref. 5). The (ii) Double bond Saturation of bond, in some The latter process occurs when the group cases followed by cleavage is conjugated to an aromatic one possessing to form a mixture of amines activating substituents, e.g. 4-hydroxyazobenzene.
(f) Nitrogen-Oxygen Bond Reduction process is Aromatic nitro compounds can reduce in 2e, dependent on oxidation 4e, or 6e steps depending on the of nitrogen atom aubstituents whereas aliphatic counterparts are reduced in 4e steps to the hydroxylamine. Waves/peaks for the aromatic molecules are well defined. Aliphatic nitroso-containing molecules generally produce ill defined waves/peaks whereas aromatic nitroso ones have been observed to give well defined peaks on application of differential pulse polarography at less negative potentials. Aliphatic N-oxides are reduced at relatively negative potentials. difficulties are encountered due to the high background signal produced by the eluent/ supporting electrolyte. On the reductive side, there have been numerous attempts to develop electrochemical cells for high performance liquid chromatography based on dropping or stationary mercury electrodes and, although much has been achieved to counteract the problems of incorporating mercury electrodes in flowing streams and to overcome the effects of oxygen reduction, the sensitivities for most reducible organic molecules are still inferior as compared to ultraviolet detection.
In those cases where the chromatographic system is unable to separate two compounds of related structure, a certain measure of selectivity in the electrochemical detector can be called into play. This has been well illustrated in the selective determination of the growth promoting hormones dienestrol and diethylstilbestrol (ref. 12) and the carbamate pesticides, barban and captafol (ref. 13). When the oxidation or reduction potentials of two compounds are just separated by the order of 50 -100 mV, the use of direct current hydrodynamic electrochemical detection may not give the required selectivity and can be improved upon by the use of the differential pulse mode of operation. In some cases, the use of the differential pulse mode may also give improved sensitivity, especially for molecules with high potentials of oxidation or reduction eg., organometallic cations (ref. 14).
In recent years, a major advance in such electrochemical detectors has been the introduction of dual-electrode detection systems (ref. 15 ) which have been demonstrated to improve both the selectivity and sensitivity of certain determinations. Other advances have also come about through the application of pre-and post-column derivatisation reactions (ref. 16 ) and future development is seen in the field of scanning electrochemical detection systems to aid further in the identification of unknown peaks. Table 2 lists those organic molecules that are electrochemically detected following high performance liquid chromatography and are subsequently discussed in the text.
It is the purpose of this paper to comment on the applicability of the aforementioned electroanalytical methods to selected organic molecules (and their metabolites) of environmental significance. Where possible, a critical comparison will be made between them and alternative analytical methods based primarily on chromatographic and spectroscopic techniques. benzidine determined in urine 67 in presence of acetylated metabolites continued: (ii) Phenolic compounds. Prior to the development of electrochemical detection in conjunction with high performance liquid chromatography most polarographic methods for the determination of phenolic compounds were based on prior derivatisation procedures eg. phenol in water (ref. 22 ) has been determined following nitration using pulse polarography with a quoted limit of detection of l08 mol F1 (lng ml). Phenols exhibit anodic waves at a variety of solid electrodes at relatively positive potentials (÷l.2V -+l.3V) and this can be applied to the analysis of nine estrogenic and pseudo-estrogenic hormones in animal meat (ref. 26) where the use of electrochemical detection permitted the simultaneous determination of eight of these compounds down to pg quantities per g of meat. In addition, this technique was shown to exhibit much less interference from natural constituents in the meat and could selectively determine diethylstilbestrol in the presence of either dienestrol or hexestrol (refs. 12, 26 ). An alternative procedure has also been described for the determination of diethylstilbestrol in animal tissue using a carbon paste instead of a glassy carbon indicator electrode (ref. 27 ). In addition, a method has been developed for the determination of the cis-and trans-forms of the phenolic-containing mycotoxin zearalenone in cereal products (ref. 28 ).
The determination of individual phenols in water is of great environmental importance, and a recent E.E.C. publication (ref. 29 ) highlights many of the analytical methods currently being investigated for this purpose. The application of high performance liquid chromatography with electrochemical detection for the determination of phenols in ground and waste waters has been reported by several authors (ref. [30] [31] [32] The method was proved reliable when concentrations were of the order 2.5 x 10-6 mol 1 1 (0.5 iig ml) or greater and it was found more selective than the colorimetric methylene blue method which gives a measure of total anionic surfactant present in the sample. Reversed-phase high performance liquid chromatography with fluorimetric detection at 295 nm has been used for the resolution and quantitiative determination of sodium alkylbenzenesulphonates (ref. 42) . Concentrations down to 5.l0 mol l1 (0.1 iig ml) in river water samples could be determined.
Organophosphorus compounds
Gas chromatography with flame photometric or thermionic detection is commonly employed for the determination of organophosphorus compounds in samples of enviromental significance. However, "cold" methods such as high performance liquid chromatography, polarography/ voltammetry are increasingly being investigated as alternative methods due to the instability of these insecticides under the conditions employed in gas chromatographic analysis.
(i) Determination ofP5 and ,P-S -containing compounds. Nangniot (ref. 43 ) has studied the polarographic behaviour of a wide range of organophosphorus pesticides. Although phosphoric acid esters cannot be reduced at the dropping mercury electrode, compounds containing the above functional groups can produce sharp adsorption peaks using containing molecules such as (Ro)2-P,z-capable of forming insoluble mercury salts, has been applied to the determination of the insecticides, phthalophos and benzophosphate in apples with a detection limit of 0.2 pg per kg of apple sample (ref. 22 ).
(ii) Determination of N02-containing organophosphorus compounds. The application of a reductive electrochemical detector for the determination of some nitro-containing pesticides was first demonstrated by Koen and Huber (ref. 44) . who were able to selectively determine parathion and methylparathion in lettuce following a liquid chromatographic separation. Since then several other papers have been published dealing with the determination of nitro-containing thiophosphate pesticides using liquid chromatography with polarographic detection (ref. [45] [46] [47] [48] . In the case of nitro-containing compounds, it has been demonstrated that the sensitivity of high performance liquid chromatographic methods employing a polarographic detector is comparable to such methods employing ultraviolet detection (ref. 49) . Such reductive electrochemical detection can also be used for nitroso-containing species (which are reduced at potentials more negative than nitro-containing compounds), where the limit of detection of the method ) for the determination of ethyl-and methyl-parathion residues in vegetable material and surface water samples. Sample preparation techniques were developed which avoided usual preliminary column fractionations and which allowed the parathions to be recovered with an average of 95% at concentrations less than 50 ng g1 for plant material. Concentrations less than 0.7 x lO mol F1 (lOng ml1) were readily measured in water samples using a column concentration procedure. The selectivity of electrochemical detection made it unnecessary to chromatographically resolve the electroactive plant components from the pesticides and allowed rapid analysis. Series detection proved useful in distinguishing various components in the samples from pesticides, in distinguishing various pesticides and in comparing the characteristics of the two detectors. The pesticides, alachlor, atrazine, carbaryl, carbofuran, chloropyrifos, diazinon dyfonate and lannate did not give electrochemical detection under the conditions of the experiment.
(iii) Enzymopolarographic determination. Davidek and Seifert (cited in ref. 22 ) have developed an enzymopolarographic method for the determination of the organophosphorus pesticide intration. The method was based on the inhibition of anticholinesterase activity by the organophosphorus moiety (a reaction which parallels the in vivo biological activity of these compounds). Unreacted enzyme is then incubated with -naphthyl acetate and the 8-naphthol measured by polarography following nitrosation. The method was applied to the analysis of intration in lettuce, cabbage, cherries and tomatoes. Naturally occurring enzymes which would be capable of hydrolysing -naphthyl acetate were removed by precipitation with C2H5OR and subsequent centifugation. No interference was observed in the presence of carotenes, xanthophyll, chlorophyll or anthocyanidines and the method was found to be relatively simple and rapid to perform.
(iv) Determination by derivatisation. The herbicide glyphosate (N-phosphonomethylglycine) was found to be more conveniently analysed by polarography than by gas chromatography (ref. 53) . For the latter method a lengthy four-stage clean-up and two-stage derivatization procedure was necessary, whereas ion exchange followed by nitrosation only was required for polarography. The eluate from ion exchange was treated with 50% sulphuric acid and potassium bromide and sodium nitrite solutions. After 15 mm, ammonium sulphamate was added to destroy excess nitrite and polarography was carried out after de-aerating with nitrogen. The N-nitroso derivative gave a reduction peak at -0.78 V, which could be used to monitor concentrations in the range 2.6 x lO -1.6 x 106 mol l1 i.e., 35-210 ng ral' of glyphosate, in natural waters. It was suggested that one analyst could analyse twenty samples a day, using the above procedure.
Compounds containing endocyclic and exocyclic C=N groups
The triazine pesticides, terbutryne, ametryne, and atrazine, which contain reducible endocyclic C = N bonds, have been determined (ref. 54) in pond and canal water down to 4 x lo8 mol 11 (5 ng m1) following extraction with dichioromethane, evaporation of the solvent, dissolution of the residue in 50% methanol/0.005M sulphuric acid and polarographic They reported that the best results were obtained using a mercury plated platinum electrode in a solution of thiram containing an excess of ascorbic acid. This addition had the effect of chemically reducing the disulphide moiety in thiram to form free -SH groups which were then amenable to cathodic stripping analysis. Using this method, they were able to determine thiram down to l08 mol l1 in pure solution.
Carbamates
The reduction of carbamates has been investigated by polarography after derivatisation via nitration or nitrosation (ref. 
